ABSTRACT This paper proposes a novel sensorless control based on the stator current vector for permanentmagnet synchronous generators in variable-speed wind energy conversion systems. In the proposed method, the rotor angle and speed are estimated indirectly from the stator currents, where only the stator inductance is required regardless of the stator resistance. In addition, the proposed method uses one current control loop to regulate the stator current magnitude, rather than two current control loops. To eliminate the current measurement noise, the second-order generalized integrator (SOGI) with a frequency-locked loop (FLL) is utilized, which can improve the estimation performance. The proposed sensorless control method with the SOGI-FLL is simple and easy to implement while achieving a fast and accurate estimation performance of the rotor angle and speed. The feasibility of the proposed method has been verified by simulation and experimental results.
I. INTRODUCTION
Due to the strong demand for clean and sustainable energy in the world, wind power generations have been installed at a steadily increasing rate, from offshore to even residential and urban areas [1] - [3] . Since the direct-drive multi-pole PMSGs can offer higher efficiency and reliability, simpler structure and reduced maintenance costs by eliminating gearbox, they are being employed widely for wind power systems [4] - [6] . To convert the AC output voltage of the PMSG into the DC voltage, various AC/DC converter topologies have been proposed [1] , [7] . Although the use of a diode rectifier brings the advantages of low cost and simple control [8] , [9] , it incurs high torque ripples of the generator and increases the system power losses. On the other hand, a three-phase PWM converter is preferred to achieve high efficiency and fast dynamic performance [10] , [11] .
For a maximum power point tracking (MPPT) control, the speed information is indispensable. Many back-EMFbased sensorless control schemes for the PMSG have been proposed in [12] and applied widely in the field due to the simple control and good dynamic performance [13] . The back-EMF-based sensorless algorithms have been implemented in a variety of methods such as open-loop calculation [14] , disturbance observer [15] , [16] , sliding-mode observer (SMO) [17] and other advanced methods using extended Kalman filters [18] and neural networks [19] , [20] . Although the open-loop and disturbance observer methods are simple and easy to implement, their performance is affected by the inverter nonlinearities and measurement noises [12] . The SMO can improve the estimation performance with high robustness to disturbances and model uncertainties, but the chattering behavior caused by the discontinuous switch control leads to the oscillating estimation errors [21] . The second-order SMO can be a solution to eliminate the chattering, but the system complexity is increased [22] . Other advanced methods can also give high performance by mitigating the harmonic ripple in the back-EMF and parameter inaccuracy effects. However, the structure and design of these algorithms are complicated, which need a long execution time of digital control, so that high speed microprocessors of DSPs are required. Beside the back-EMF-based model, the flux-based model is also commonly used to acquire the rotor angle information [23] , [24] . In the flux model, the magnitude of rotor flux is independent of rotor speed, and the performance is also less sensitive to machine parameter uncertainties. To obtain the flux, an integration of the back-EMF is required, where many practical issues should be carefully considered, e.g., initial condition, harmonics in the inverter voltage output, noise and DC offset in the current measurements.
In general, the calculation of the back-EMF and stator flux requires the information of stator currents, terminal voltages and machine parameters. In practical applications, due to the inverter nonlinearity (e.g. dead-time, device on-drop voltages), parameter variations [25] , [26] and measurement noise, the estimates of the back-EMF and stator flux are usually contaminated. As a result, the accuracy of the rotor angle and speed estimation is affected adversely. Thus, a phaselocked loop (PLL) is commonly used to extract the rotor angle from the observed back-EMF and stator flux [27] , [28] . A frequency-locked loop (FLL), which is applied widely to grid synchronization [29] - [31] , can also be utilized for rotor speed estimation [32] . With the FLL, the speed and angle estimations are independent of each other, whereas in the conventional phase-locked loop (PLL)-based extraction method, the speed estimation is much affected by the angle estimation.
This paper proposes a novel speed sensorless control method where the rotor angle is calculated indirectly from the angle of the stator current vector instead of back-EMF or stator flux vectors. In the proposed method, only one current controller is employed to regulate the stator current magnitude, which controls the generator torque. In addition, the proposed control does not require the stator resistance of the generator, which varies unpredictably depending on the operating temperature. Thus, the proposed method does not need an on-line resistance estimator, which is employed in some back-EMF-based methods. To enhance the estimation performance, the SOGI-FLL algorithm is utilized to filter the noise and DC-offset components in the current measurements. The rotor angle is then calculated from the filtered current signals and the rotor speed is calculated from the stator frequency which is obtained from the FLL. Finally, simulation and experiment results are shown to validate the proposed sensorless control for the PMSG of the WECS.
II. MODELING AND CONVENTIONAL CONTROL OF PMSG
A. MODELING OF PMSG Fig. 1 shows two reference frames for modeling and control of the PMSG, including the stator αβ reference frame and the synchronous dq reference frame. The α-axis is considered as the reference. The dq-axis rotates at the rotor angular velocity ω r and the d-axis is aligned with the rotor flux vector, which coincides with the N pole of the rotor. The rotor position angle θ r is defined as the angular displacement between the d-and α-axis.
In this study, the extended back-EMF (EEMF) modeling [16] and the extended flux modeling [23] are used since they can be applied to both the surface-mounted PMSG (SPMSG) and the interior PMSG (IPMSG). For a SPMSG, the dq-axis inductances are equal (L d = L q ), but in an IPMSG, the d-axis inductance is usually lower than that of
The voltage equations of a PMSG in the synchronous dq reference frame are expressed as [16] , [33] 
where
, are the components of the stator voltages and currents in the dq reference frame, respectively, L d and L q are the dq-inductances, R s is the stator resistance, p is the differential operator, and λ r is the rotor flux produced by permanent magnets. From (1), the simplified circuits of PMSG in the synchronous dq reference frame are illustrated in Fig. 2 . The electromagnetic torque of the PMSG is expressed as
where n p is the number of pole pairs. In the stationary reference frame, the dynamic model of the PMSG is given as
where v α , v β , i α and i β are the αβ-axis components of the stator voltages and currents, respectively, e α and e β are the VOLUME 7, 2019 EEMF components in the αβ-frame, and [16] e
In the stationary αβ reference frame, the model of PMSG can be expressed as
where λ α and λ β are the stator flux components in the αβ-axis. The relationship between the stator and rotor fluxes is given by [23] 
Based on the modeling of PMSG, there are two ways to estimate the rotor angle. In the first one, the rotor angle can be calculated directly from the EEMF in (4), aŝ
In the second approach, the rotor angle is calculated from the stator flux in (6), aŝ
B. FIELD-ORIENTED CONTROL OF PMSG
There are two common control methods for the PMSG, such as field-oriented control (FOC) and direct torque control (DTC) [34] , [35] . In this study, the FOC is used due to its simplicity and wide acceptance for industrial drives. Fig. 3 shows a block diagram of typical sensorless FOC control for PMSGs in WECSs. The FOC is performed in the synchronous reference frame with one outer-loop speed controller and two inner-loop current controllers. The q-axis reference current i * q is determined by the MPPT controller, whereas the d-axis reference current i * d is set to be zero or by a function of i * q depending on the control strategies. In practice, two control strategies are widely used for the PMSGs, such as the zero d-axis current (ZDC) control and maximum torque per ampere (MTPA) control. Usually, the SPMSG is controlled by the ZDC scheme with i * d = 0, whereas the MTPA control is applied to the IPMSG to generate the maximum torque with a minimum stator current [33] .
III. PROPOSED CURRENT-BASED SENSORLESS CONTROL OF PMSG A. ZERO D-AXIS CURRENT (ZDC) CONTROL
Normally, the multi-pole PMSGs employed in WECSs are of the surface-mounted type since it is easier to manufacture and less expensive than IPMSGs [36] . In the SPMSG, the inductances of L d and L q are equal [37] , thus the torque equation in (2) can be simplified as Since the d-axis current does not contribute to the torque production, it is controlled at zero. Consequently, the generator torque is proportional to the stator current magnitude I s . In the synchronous reference frame, the d-axis is aligned with the rotor flux linkage vector λ r . As a result, the current vector i s becomes perpendicular to the rotor flux vector λ r when i d = 0. In the steady state with ZDC control, the voltage equations in the synchronous reference frame can be simplified as Fig. 4 illustrates the space vector diagram of the PMSG with the ZDC scheme. θ r and θ i are the angles of the rotor flux (rotor angle) and stator current vectors, respectively. It is seen in Fig. 4 that θ r = θ i − π/2.
B. PROPOSED SENSORLESS CONTROL
In the ZDC method, the angle between the stator current vector and rotor flux vector should be 90 o . Based on this observation, an angle θ tr = θ i − π/2 is used for coordinate transformation. The angle θ tr is called a transformation angle.
The block diagram of the proposed method is illustrated in Fig. 5 . At the beginning, the measured stator phase currents are transformed into the stationary αβ frame, as
Then, the angle of the stator current vector can be calculated by Since θ tr = θ i − π/2, the trigonometric functions of θ tr can be calculated directly from the current values as
By using θ tr to convert the stator currents from αβ-reference frame to dq-reference frame, the d-axis current becomes zero, whereas the q-axis current equals to the magnitude of stator currents. The d-axis current can be kept at zero without any feedback controller if the d-axis reference voltage is set to v * d =ω rLq I s , whereω r = dθ tr /dt is the estimated rotor angular velocity,L q is the nominal value of q-axis inductance, which is measured offline before installation and I s is the magnitude of the stator current vector, which is calculated by
In this method, the generator torque and output power are controlled by regulating I s . The output of I s current controller is added with a feed-forward term, v qff =ω r λ r , to produce the q-axis reference voltage v * q . The feed-forward term v qff helps to achieve a fast response to speed variations.
Using the transformation angle θ tr , the voltages which are applied to the generator are obtained as
Substituting (15) 
Then, the relationship between the transformation angle θ tr and the rotor angle θ r can be expressed as
In (18), if the nominal q-axis inductance matches with the actual one, then the transformation angle θ tr is equal to the rotor angle θ r . Therefore, the transformation angle θ tr can be used as the estimated rotor angleθ r . As seen in (18) , the variation in the stator resistance R s does not affect the accuracy of the rotor angle estimation, whereas the variation in inductance L q does. However, the value of L q in SPMSGs can be regarded as constant at different operating conditions [37] .
If there is a variation in the L q , an error θ r will appear in the estimated rotor angle. From (18) , the angle estimation error can be calculated as
If the angle estimation error is insignificant ( θ r < 0.3rad), it can be approximated as
As seen in (20) , the angle error is dependent not on the rotor speed, but rather on the stator current magnitude. To quantitatively evaluate the angle error caused by the inductance mismatch, a 75 kW SPMSG with parameters listed in Table 1 is investigated. Assuming the mismatch in the inductance parameter is L = (L q −L q )/L q = ±20%, when the stator current magnitude is at the rated value of 175 A, the angle estimation error is calculated as
Due to the angle estimation error, an error between the produced torque and the reference one will occur, but it is VOLUME 7, 2019 only 0.45%. Therefore, it can be concluded that even if the inductance value varies, the controller tracks the rotor angle with acceptable accuracy and the torque error is negligible.
IV. SOGI-FLL FOR ANGLE AND SPEED EXTRACTION
In the proposed method, the rotor angle can be calculated from the stator currents using the trigonometric functions in (13) . However, the estimation performance is deteriorated by the noise in the current signals. To improve the rotor angle and speed estimation performance, the SOGI-FLL [29] - [31] is applied, which can eliminate the noise and switching harmonics in the current measurements. In addition, the FLL associated with the SOGI can estimate the fundamental frequency of the stator currents, from which the rotor speed is calculated. Fig. 6 show the block diagram of the standard SOGI-FLL [38] , from which the transfer function is given by v v = kωs s 2 + kωs +ω 2 (22) where v, v and k are the input, output signals and the gain of SOGI, respectively, andω is the estimated angular frequency obtained from the FLL. The transfer function in (22) represents a band-pass filter, whose bandwidth depends only on the gain k, not the frequencyω [38] . In the FLL block, the FLL gain is normalized with the amplitude of the input signal, and then the transfer function of the FLL is given by [38] where ω is the frequency of the input signal. From (23), the settling time of the FLL can be approximated as
A. STANDARD SOGI-FLL
For better tuning of the FLL, a more detailed modeling of the SOGI-FLL is considered [39] , where the influence of operating frequency on the response of the FLL is taken into account. In [39] , the dynamic transfer function of SOGI-FLL is obtained asω
The transfer function of the FLL has the characteristic polynomial as
where ζ is the damping factor and ω n is the natural frequency. As a rule of thumb, a good tradeoff between the settling time and overshoot can be achieved with ζ = 1/ √ 2. From (25) and (26) , the FLL gain can be found as
B. APPLICATION OF SOGI-FLL TO PROPOSED METHOD
The SOGI-FLL algorithm is applied to the proposed sensorless control method, of which block diagram is shown in Fig. 7 . The stator currents of the generator are measured and then filtered with the SOGI. Since the electrical frequency of the direct-drive PMSG is relatively low, the FLL gain selected by (27) is a low value, at which the response of FLL will be slow. To improve the dynamic response of the FLL, an additional SOGI-FLL is utilized with a frequency multiplier, where the frequency of cosθ r can be multiplied by eight as
8074 VOLUME 7, 2019 where v f is the output signal of the frequency multiplier. From (27) , the can be set eight times higher, then the settling time of the FLL in (24) is decreased by one eighth. In direct-drive WECS, the operating range of the PMSG whose parameters are listed in Table 1 is considered from 10 rpm to 60 rpm. By multiplying the electrical frequency at the lowest operating speed by eight in (28) , then from (27) , the can be set at 80 with k = √ 2.
V. SIMULATION RESULTS
To verify the performance of the proposed method, simulation studies are conducted for a 75 kW direct-drive SPMSG WECS [40] . The configuration of the WECS is shown in Fig. 8 , where the power from the wind turbine is converted and delivered to the AC grid via a full-scale back-to-back converter system. The machine-side converter (MSC) controls the generator torque to follow the optimal torque calculated from the MPPT block. The grid-side converter (GSC) is responsible for maintaining the DC-link voltage and controlling the active and reactive power transferred to the grid. Firstly, the steady-state and dynamic performances of the proposed sensorless control method are investigated. For this test, the generator is driven not by a wind turbine, but by a prime mover. Fig. 9 shows the performance of the proposed method during the startup and subsequently the acceleration period. At the beginning, the prime mover speed is set at 10 rpm. At t = 0.1 s, the generator begins to operate for power generation and the stator current magnitude is set at 20 A. As seen in Fig. 9 , after activating the controller, the estimated rotor angleθ r immediately follows the real one θ r . In the meantime, the stator currents rapidly reach their steady states with the amplitude of 20 A. It takes about 100 ms for the FLL to estimate the rotor speed after the controller is activated. To show the effectiveness of the SOGI-based filters, a random noise of 10% of the stator current magnitude is added in the current measurements. For t < 0.5 s, the rotor angle is calculated directly from the measured currents. As seen in Fig. 9(e) , the estimated angle is contaminated with noise for t < 0.5 s. When the SOGIs are activated for current filtering (t > 0.5 s), the noise inθ r is eliminated. For t > 0.8 s, the generator speed is accelerated from 10 rpm to 40 rpm at the slew rate of 300 rpm/s. Fig. 9(c) and (e) show that the stator currents are well regulated and the estimated angle follows the real one without any steady-state error even while the rotor is accelerated. Fig. 10 shows the dynamic performance of the current controller at rated speed and subsequently during the deceleration period. Initially, the stator current magnitude is controlled at 50 A and the rotor speed is 60 rpm. At t = 2.5 s, the current magnitude reference is set at 175 A (rated value). At t = 2.8 s, the rotor speed is decreased from 60 rpm to 20 rpm with the slew rate of -300 rpm/s. During the deceleration period, at t = 3.0 s, the current magnitude reference is reduced to 50 A. Fig. 10(c) shows that the current controller quickly responds for the step change in the reference without any overshoots or oscillations. In transient conditions, there are disturbances in the rotor angle and speed estimations, which decay soon. Fig. 11 and Fig. 12 show the performances of the rotor angle estimation with the inductance variation as L = ±20%. It can be concluded from these responses that the angle estimation error is dependent on the stator current magnitude, not on the operating speed. Furthermore, when the current is 175 A, the angle error is about ±5.45 o , which is the same as the value computed in (21) . There are variations in the angle error when the current magnitude jumps from 50 A to 175 A, but the angle error reaches quickly the steady-state value. Fig. 13 shows the simulation results when the generator is driven by a wind turbine, where the wind speed varies randomly between 2 m/s and 10 m/s. A simple MPPT algorithm is applied [12] , where the generator torque is controlled as T
With the proposed method, the torque is proportional to the current magnitude. Therefore, the MPPT can be achieved by controlling the current magnitude as I * s = K I ,optω 2 m . The coefficient K I ,opt is constant, which is calculated from the parameters of the system. Although the wind speed varies randomly, the estimated speed can track the real one and the estimation error is kept within the range of ±5 rpm.
VI. EXPERIMENT RESULTS
A reduced-scale prototype has been built to verify the performance of the proposed sensorless control method. A photo of the experimental setup is shown in Fig. 14 , where the wind turbine characteristic is simulated by the control of induction motor drive. The system parameters are listed in Table 2 . A 4096-ppr incremental encoder and hall sensors are used to monitor the actual rotor angle and speed, which are used only for comparison with the estimated angle and speed. actual one without any transient. At the same time, the stator currents quickly reach the steady-state at the reference value of 2 A. It takes about 100 ms and 20 ms for the FLL to track the actual speed at 200 rpm and 800 rpm, respectively. Fig. 17 and Fig. 18 show the performances of the proposed control at 200 rpm and 1400 rpm, respectively. Fig. 17 shows that the controller works well even at a low value of the current reference, which is 0.5 A. At the low speed, the angle error has higher ripples due to the inverter nonlinearity, especially the dead-time effect. At 1400 rpm, the current reference is set at 11 A. The estimated speed is close to the measured one where the estimation errors are lower than 4 rpm in both the cases of Fig. 17 and Fig. 18 . Fig. 19 shows the performance when the rotor speed is increased from 200 rpm to 800 rpm at the slew rate of 2000 rpm/s. The speed estimation error is about 15 rpm/s during the acceleration period. The current is regulated closely to the reference value of 2 A. Fig. 20 shows the transient responses of the current controller for a step change of the current reference between 2 A and 10 A at 1000 rpm. Although there is an error in the estimated angle during the transient, the system remains stable and the angle error gradually decays to zero. Fig. 21 and Fig. 22 show the system performances at variable speeds. A simple MPPT algorithm is applied, where the current is controlled as I * s = K I ,optω 2 m . In Fig. 21 , the speed acceleration and deceleration rates are 2000 rpm/s. During these transients, there are some errors in the speed estimation, but they decay to zero when the rotor speed reaches to the steady state. In Fig. 22 , the rotor speed varies at a random profile like the wind speed. The estimated speed follows well the actual one with the tracking error of | ω m | < 15rpm.
VII. CONCLUSIONS
In this paper, a simple and robust sensorless control for PMSGs in WECSs has been proposed, where the rotor angle is estimated from the stator current vector. In the proposed method, only one current control loop is used to regulate the generator torque, whereas in the conventional methods, two current control loops are required. The accuracy of the estimated angle is dependent only on the inductance parameter of the generator. The analysis for 75 kW direct-drive SPMSG WECS has shown that at rated power, if the inductance value varies as L = ±20%, the angle error is about ±5.45 o and the resultant torque error is only 0.45%. The proposed method can be applied to not only the SPMSG but also the IPMSG with a low saliency ratio as long as the d-axis current is controlled at zero. To improve the estimation performance, 8078 VOLUME 7, 2019 the SOGI-FLL is utilized, which can eliminate the noise in the current measurements. The generator speed is calculated from the stator current frequency, which is extracted by the FLL. The effectiveness of the proposed sensorless method has been verified by simulation and experimental results under various conditions.
